In addition to the next generation of beam-based neutrino experiments and their associated detectors, a number of intense, low-energy neutrino production sources from decays at rest will be in operation. In this work, we explore the physics opportunities with decay-at-rest neutrinos for complementary measurements of oscillation parameters at long baselines. The J-PARC Spallation Neutron Source, for example, will generate neutrinos from a variety of decay-at-rest (DAR) processes, specifically those of pions, muons, and kaons. Other proposed sources will produce large numbers of stopped pions and muons. We demonstrate the ability of the upcoming Hyper-Kamiokande experiment to detect the monochromatic kaon decay-at-rest neutrinos from J-PARC after they have travelled several hundred kilometers and undergone oscillations. This measurement will serve as a valuable cross-check in constraining our understanding of neutrino oscillations in a new regime of neutrino energy and baseline length. We also study the expected event rates from pion and muon DAR neutrinos in liquid Argon and water detectors and their sensitivities to to the CP violating phase δCP.
I. INTRODUCTION
The discovery that neutrinos oscillate, and therefore have mass, has revolutionized our understanding of the lepton sector of the standard model of particle physics. Since this discovery, several generations of experiments have been designed, been built, and collected data to better understand the rich phenomenon of neutrino oscillations. Future experiments [1-3] are on the horizon to pin down the few remaining unknowns associated with standard paradigm of neutrino oscillations.
While this paradigm fits the vast majority of data exceptionally well, a few unexplained experimental results persist. The standard picture predicts that two "frequencies," governed by two neutrino mass-squared splittings, drive all oscillations, however, evidence exists for a third, larger mass-squared splitting that would indicate a beyond-thestandard-model fermion existing and mixing with the light neutrinos (see e.g. Refs [4] [5] [6] ). In order to explore these hints, and to over-constrain our knowledge of neutrino mixing, it is imperative to measure oscillations in as many domains as possible. When treating neutrino oscillations in vacuum, a given oscillation probability is determined by the ratio of the distance travelled by the neutrino to its energy. We argue that measuring oscillation probabilities for as many unique distances and energies is a compelling way to over-constrain the standard three-massiveneutrinos paradigm. Existing and planned measurments of oscilation probabilities, as well as those we propose here, are shown in Fig. 1 in the plane of neutrino energy and baseline.
One specific source of neutrinos that has not been explored fully is that coming from processes in which mesons and muons decay at rest (DAR) into neutrinos. When this is a two-body decay, the neutrino flux is monoenergetic, and if oscillations associated with these neutrinos are observed, then the baseline length and neutrino energy of this process can be determined nearly perfectly (see the purple star in Fig. 1 ). Neutrinos emerging from muon-, pion-, and kaon-decay-at-rest have been considered [7, 8] and observed [9] [10] [11] , however -except for an oscillation-related interpretation of the anomalous muon-decay-at-rest result of the LSND experiment [11] -these neutrinos have not previously been measured after undergoing oscillations. In this work, we present a potential capability within oscillations from the three-massive-neutrinos paradigm: neutrinos from kaon-decay-at-rest produced in the J-PARC Spallation Neutron Source (JSNS) [12] , traveling several hundred kilometers to Hyper-Kamiokande (HK) and interacting in a water cerenkov detector [2] . While this measurement does not provide any more powerful information if the three-massive-neutrinos paradigm is assumed to be true, it provides a consistency check on both current and future measurements. A measurement of this nature can arXiv:1911.05088v1 [hep-ph] 12 Nov 2019 test for other deviations from three-neutrino predictions, such as sterile neutrinos, non-standard neutrino interactions (see Ref. [13] for a recent review), and other scenarios.
We also explore other opportunities for measuring DAR neutrinos at long baselines to test and measure the three neutrino framework. In particular we consider µDAR and πDAR fluxes, the measurement of which, however, would require either new intense sources or new detectors. To this end the DAEδALUS [14] experiment proposes to use compact, but intense, cyclotron proton sources to generate a large number of πDAR neutrinos and their detection in a large water cerenkov detector such as Hyper-K over a variety of baselines in the 1-20 km range. In this work we briefly study the event rates of πDAR neutrinos in a large liquid Argon (LAr) detector such as DUNE, as well as the rate of inverse beta decay events of µDAR anti-neutrinos in large scintillator or water detectors. Like DAEδALUS, these rates are sensitive to the CP violating phase in the three neutrino framework and can thus be complementary to measurements in neutrino beams.
This manuscript is organized as follows: in Section II we discuss the phenomenon of neutrino oscillations, specifically focusing on the low energy, long baseline setup we are interested in. In Section III, we provide the relevant experimental details about JSNS and HK assumed in this work, as well as the strategy for detection of this process and reduction of background processes. In Section IV we consider other opportunities to test the three neutrino paradigm with DAR sources. In Section V, we offer some concluding remarks.
II. LOW-ENERGY, LONG DISTANCE OSCILLATIONS
Neutrino oscillations are governed by a characteristic scale, determined by the mass-squared splitting ∆m 2 ji ≡ m 2 j − m 2 i . A great deal of experimental evidence suggests that there are two non-zero mass-squared splittings, commonly referred to as the "atmospheric mass splitting" ∆m 2 31 ≈ 2.5 × 10 −3 eV 2 [15] [16] [17] and the "solar mass splitting" 1 ∆m 2 21 ≈ 7 × 10 −5 eV 2 [19] [20] [21] [22] [23] . Anomalous experimental results -among them the LSND, MiniBooNE, and short-baseline reactor antineutrino experiments -provide hints of a new mass splitting ∆m 2 ∼ 1 eV 2 [11, [24] [25] [26] .
Understandably, a significant number of oscillation experiments have focused on ranges of baseline length L and neutrino energy E ν for which oscillations due to these three splittings are most significant. The phase that gov- erns oscillation physics (in vacuum 2 ) is
where ∆ ij ≡ ∆m 2 ij L/2E ν . When using experimentallysuitable units,
The effects of oscillations will be maximized when ∆ ij is an odd multiple of π. Fig. 1 displays a subset of current and future neutrino oscillation experiments. Experiments sensitive to the atmospheric mass-squared splitting populate the region of this parameter space where L/km ∼ 500E ν /GeV, where the first oscillation maximum occurs (the line labelled "∆m 2 31 -driven" in Fig. 1 ). Experiments related to the 1 eV 2 sterile neutrino anomalies populate the top-left region of this parameter space, where L/km ∼ 1.25k(E ν /GeV) (k is an odd integer). See Refs. [6, 27] for a detailed survey of these experiments and others not shown in Fig. 1 . The JSNS 2 experiment is an upcoming experiment that satisfies this length/energy relation and will test the eV 2 sterile anomalies [12] . If the neutrinos produced for this experiment travel a longer baseline, such as the distance from JSNS to Hyper-Kamiokande, oscillations will be governed by the atmospheric and solar mass splittings.
Notably, the majority of existing and future experiments rely on measuring the neutrino oscillation probability over some finite range of energies. The upcoming Deep Underground Neutrino Experiment (DUNE) [1], for instance, aims to have a broad band beam, allowing for measurements across many different neutrino energies. Even experiments that aim to have a narrow beam energy, such as the NuMI Off-axis ν e Appearance (NOvA) experiment [17] , still have some spread in neutrino energy (NOvA, for instance, has the bulk of its neutrino events between approximately 1−3 GeV). In contrast, if neutrinos from a two-body decay-at-rest process are detectable, the energy is fixed due to kinematics and therefore it is known.
Combined with a precise knowledge of the source-detector distance, this gives a measurement of the neutrino oscillation probability at a very specific combination of L and E ν . Combining several such measurements across many different but known L and E ν can be regarded as precision neutrino spectroscopy, which in turn would contribute to completing our understanding of neutrino oscillations.
A neutrino emerging from a two-body DAR process, where a charged meson m ± decays into a charged lepton ± and a neutrino (or antineutrino) has a fixed energy,
where m m is the decaying meson mass and m is the charged lepton mass. We will be interested in the decays of π ± and K ± , which decay predominantly via m ± → µ ± ν. The energies of the neutrinos in these processes are E ν = 29.8 MeV (πDAR) and E ν = 236 MeV (KDAR). Under the three-massive-neutrinos paradigm, we may calculate the oscillation probability of a πDAR or KDAR neutrino that is emitted as a ν µ and travels a distance L. These are too low-energy to produce charged τ leptons, and therefore we focus on the oscillation probabilities P (ν µ → ν µ ) and P (ν µ → ν e ). The oscillation probabilities are shown in Fig. 2 , where the black (blue) lines indicate oscillation probabilities for KDAR (πDAR) neutrinos. The πDAR neutrinos are too low-energy to produce charged µ leptons, and the cross section for these low energy neutrinos to produce e − in a charged current interaction on water are too low to detect, as we will discuss in the next section. However, if the πDAR oscillation probability could be measured at L ≈ O(100 km), perhaps using a different target than water, such a measurement would be sensitive to many effects of the three-massive-neutrinos formalism. At these distances, as evident in Fig. 2 , the πDAR neutrino oscillation probability is driven by two frequencies (and their interference) -the atmospheric and solar mass-squared splittings are both relevant for these energies and distances. Because the interference of these two is relevant, we would also be sensitive to the CPviolating phase δ CP , the least well-understood component of the lepton mixing matrix.
The KDAR oscillation probability in Fig. 2 (black line), however, is driven predominantly by the atmospheric mass-squared splitting. This is apparent in Fig. 1 : the star labelled "this work" corresponds to the KDAR neutrino energy and a baseline of 295 km, where oscillations are relatively insensitive to ∆m 2 21 . As L → 1000 km, we see that the effects of ∆m 2 21 are starting to be important in the bottom panel of Fig. 2 , however, even then, we have not reached the first maximum of the oscillations driven by ∆m 2 21 . In this regime, ignoring subdominant effects due to matter interactions, we may express the oscillation probabilities as
where |U µ3 | and |U e3 | are elements of the leptonic mixing matrix. In the standard parameterization [28] , |U µ3 | 2 = sin 2 θ 23 cos 2 θ 13 and |U e3 | 2 = sin 2 θ 13 . We see here that measurements of the KDAR flux oscillating from ν µ to ν e (or also measuring the survival probability P (ν µ → ν µ )) will be sensitive predominantly to the mass-squared splitting 3 ∆m 2 31 and the two mixing angles θ 13 and θ 23 . Because sin 2 θ 13 is small, the expected oscillation probability P (ν µ → ν µ ) is much larger than P (ν µ → ν e ), and we will not expect very much sensitivity to θ 13 at all. Current measurements constrain ∆m 2 31 = 2.525 +0.033 −0.031 × 10 −3 eV 2 , sin 2 θ 13 = 0.02240 +0.00065 −0.00066 , and sin 2 θ 23 = 0.582 +0.015 −0.019 [29] . In what follows, we will show sensitivity to these parameters using the KDAR flux measured at 295 km. No parameter will be measured more precisely than next-generation (or current, for that matter) experimental constraints, however, this provides a consistency check on our understanding of the threemassive-neutrinos paradigm at a previously-unexplored combination of baseline length and neutrino energy.
III. JSNS AS A KAON DECAY-AT-REST SOURCE FOR HYPER-KAMIOKANDE
The J-PARC Spallation Neutron Source (JSNS) consists of a 3 GeV proton beam impinging on a mercury target. The target absorbs negatively-charged mesons, and positively-charged ones, specifically π + and K + will stop and decay at rest. JSNS 2 intends on measuring the predominantly muon-neutrino flux from the π + and K + decay-at-rest processes a distance of 24 m away from the target, as a means of searching for sterile-neutrinoinduced oscillations with a new mass-squared splitting of 3 Given the approximate oscillation probability of interest, we are not sensitive to the sign of ∆m 2 31 , the so-called neutrino mass ordering. Going forward, we will assume ∆m 2 31 > 0.
∆m 2 41 ≈ 1 eV 2 [12] . In addition to its purpose searching for sterile neutrinos, this detector can serve as a near detector for our proposed search, precisely constraining the ν µ flux and cross section for the KDAR neutrinos.
Currently in operation, the Super-Kamiokande (SK) detector is a distance of L = 295 km from J-PARC, and the proposed Hyper-Kamiokande (HK) detector will be at a similar distance. Even though the DAR flux is isotropic and a distance of 295 km implies a large suppression to the flux, we will show that a handful of interactions from JSNS DAR neutrinos could be observed in HK.
Here we estimate the number of KDAR events 4 that can be observed a distance D from J-PARC, assuming a detector with mass M Det. . We assume that the JSNS will deliver 4×10 22 protons on target (POT) per year of operation (corresponding to a beam power P = 1 MW), and, per POT, approximately 10 −2 K + are produced 5 . Accounting for the branching ratio Br(K + → µ + ν µ ) = 0.6356 [28] , this corresponds to 8 × 10 20 KDAR ν µ assuming T = 3 years of JSNS operation 6 . Because the DAR flux is isotropic, we may calculate it at SK/HK by scaling the produced rate by 1/4πD 2 , where D ≈ 295 km is the distance from the JSNS source to Kamiokande:
The flux of ν µ , which can also oscillate between JSNS and Kamiokande, may interact with the water in SK or HK via charged current interactions. From Ref. [31] , at E ν = 236 MeV, this cross section is σ CCQE ≈ 1.7 × 10 −39 cm 2 per nucleon. The total number of unoscillated events in a detector with mass M Det. then is
For clarity, we define the total exposure of the experiment to be M Det. T P . For our hypothetical future JSNS run concurrent with HK, we take 1200 kt-MW-yr as our benchmark exposure. We also compare against a hypothetical 3600 kt-MW-yr exposure, driven by a more powerful beam and/or longer data collection time.
In this estimation, we have ignored the effect of oscillations: if neutrinos oscillate according to the three-massiveneutrinos paradigm, with mixing angles and mass-squared splittings consistent with the most recent global fits of NuFit [29] , the oscillation probability at this energy and distance is P (ν µ → ν µ ) ≈ 0.50 and P (ν µ → ν e ) ≈ 0.04. This implies that, for three years of JSNS operation and a fiducial volume of 400 kt, we can expect 15 µ − charged 4 The πDAR flux is too low energy to produce a large signal in Hyper-Kamiokande. We discuss this flux in the next section. 5 Monte Carlo simulations indicate that ∼ 6 × 10 −3 −1.1 × 10 −2 K + are produced per POT when 3 GeV protons strike the J-PARC target [30] . 6 JSNS is currently planned to operate beginning late 2019 for three years. Here, we imagine a hypothetical future run when the larger Hyper-Kamiokande detector is in operation.
current events and roughly 1 e − event. These event rates are sensitive, as discussed in Section II, predominantly to the parameters θ 23 and ∆m 2 31 . Using the measurement of a number of events at HK to infer a value of P (ν µ → ν µ ) or P (ν µ → ν e ) requires a measurement of the flux at effectively zero baseline, which will be performed by the JSNS 2 experiment.
A. Signal Identification and Background Reduction
In this subsection we discuss the strategy for identifying the DAR neutrino events from JSNS, and how to reduce any possible background events. Assuming that this operation is concurrent with the planned T2HK (Tokai to Hyper-Kamiokande) beam-based experiment [2], the timing structure of the JSNS and T2HK beams will prevent any confusion between the two sources. The only remaining sources are cosmic ray muons and events from atmospheric neutrinos interacting in the fiducial volume of the detector.
The JSNS proton beam structure is as follows: two 80 ns bunches are delivered to the target, separated by 540 ns. This repeats at a rate of 25 Hz. Because the pion and kaon are both short-lived, the neutrinos coming from πDAR and KDAR will come promptly, nearly all inside of the two 80 ns bunches. This means that there is a window of 160 ns with respect to the beam spacing of 4 × 10 4 µs in which to expect the DAR neutrinos at detection. Consequently, this means a reduction of backgrounds by a factor of 2.5 × 10 5 .
Additionally, from the perspective of the detector, the direction of JSNS is well-known. Even if an outgoing muon or electron from a charged-current quasielastic interaction (a) does not go in the same direction as the incoming neutrino and (b) cannot be measured perfectly, this directionality helps in both observing the signal and reducing possible background events. The outgoing lepton direction is not the same as the incident neutrino direction, however, since the incoming neutrinos for the signal are monoenergetic, the outgoing lepton energy and direction are highly correlated. If the incoming neutrino direction is assumed, then, the reconstructed energy for these signal events will match the πDAR or KDAR values. This directionality and energy reconstruction will further reduce the expected background events significantly.
Given the combination these three handles (timing, direction, and reconstructed energy), the expected background for such searches is effectively zero.
B. Results
We perform our analyses by constructing a Poissonian log-likelihood of the number of observed ν µ and ν e CCQE events, respectively:
where α = e, µ; x α is the expected true number of events of flavor α; and λ α is the test number of events. We then use the test statistic ∆χ 2 = −2∆(L e +L µ ). Without assuming anything about the structure of P (ν µ → ν µ ) and P (ν µ → ν e ), we may ask how well we can constrain the individual probabilities at the baseline length/neutrino energy of interest here. As stated above, assuming the current bestfit values of the three-massive-neutrinos paradigm [29] as input parameters, P (ν µ → ν µ ) ≈ 0.5 and P (ν µ → ν e ) ≈ 0.04. Using the likelihood in Eq. (10), we may constrain at 68.3% CL,
Alternatively, observing the expected number of KDAR events in HK would lead to a 3σ measurement of muon neutrino disappearance, P (ν µ → ν µ ) = 1. We may go beyond this and ask, assuming the threemassive-neutrinos paradigm is correct, how well can we measure the relevant parameters, that is, sin 2 θ 13 , sin 2 θ 23 , and ∆m 2 31 . First, we attempt to constrain all three parameters without any outside information -the ability to constrain these three parameters is shown in Fig. 3 . In Fig. 3 , we compare this result for the nominal exposure of 1200 kt-MW-yr in black with the optimistic exposure of 3600 kt-MW-yr in blue. For both exposures, we show the measurement capability at 68.3% CL (dashed lines) and at 99% CL (solid lines). The circular structure in the sin 2 θ 23 vs. ∆m 2 31 panel (bottom right) of Fig. 3 can be understood given the expression we discuss for P (ν µ → ν µ ) in Eq. (5), and persists even if we fix sin 2 θ 13 to its best-fit value. Additionally, the pattern repeats for smaller and larger values of ∆m 2 31 -this is because we are measuring the oscillation probability for one value of L and E ν , and smaller/larger ∆m 2 31 values cause the oscillation to pass through the measured point. This can be understood by comparing this result with Fig. 2 .
Lastly, we attempt to incorporate the existing knowledge of these three parameters, and analyze how well each of the three can be measured, including that existing knowledge on the other two as a prior on our analysis. For concreteness, we use ∆m 2 31 = 2.525 +0.033 −0.031 × 10 −3 eV 2 , sin 2 θ 13 = 0.02240 +0.00065 −0.00066 , and sin 2 θ 23 = 0.582 +0.015 −0.019 [29] . The result of this procedure is shown in Fig. 4 . Unsurprisingly, no individual parameter is measured to more precision than is currently known, however, this is a measurement of these parameters at a new region in neutrino energy and baseline length, and serves as a consistency check on the three-massive-neutrinos paradigm.
IV. OTHER DAR OPPORTUNITIES
In the previous section we pointed out that there is a new opportunity to further understand neutrino oscillations using KDAR with an source+detector pair that is part of the existing and planned facilities. In this section we discuss further opportunities to use DAR of muons and pions to test the three flavor oscillation picture. Though these opportunities are within the realm of possibility in terms of available source and detector technologies, there is not a concrete plan for the appropriate pair with the right baseline L -these possibilities would require new facilities, detectors or sources, but are worth exploring regardless.
DAR neutrino sources that are not yet used for oscillation studies are already in existence or planning phases. In addition to J-PARC, which was discussed in the previous section, the Fermilab beam facility is itself also a source of DAR neutrinos, originating both in the 120 GeV NuMI beam [32] and the 8 GeV BNB beam [33] . DAEδALUSlike proton cyclotrons are also an interesting source which may be flexible in location and low in cost [14] . Measuring the interaction of DAR neutrinos in liquid Argon has been proposed by the CAPTAIN experiment [34] . For the purpose of this section we will consider a source of pions decaying at rest (and subsequent muons decaying as well) at the order of 10 23 decays per year. For detectors, we will consider large water, liquid Argon, and scintillator detectors of the scales of Hyper-K, DUNE, and JUNO respectively.
We will now briefly discuss the potential for πDAR neutrinos interacting in DUNE far detector, which would require a new πDAR source. We will also consider the oscillated µDAR neutrinos which are produced in facilities such as JSNS, the detection of which can be done by a new liquid scintillator detector similar to JUNO. 
A. πDAR Neutrinos in a Liquid Argon Detector
Here we consider the possibility of detecting the atmospheric frequency oscillation of πDAR neutrinos. Here ν µ CC scattering is below threshold, but there may be an opportunity to measure the ν µ → ν e oscillation at low energy. This is difficult for water detectors because, as mentioned above, the cross section of ν e scattering on Oxygen has a threshold of roughly 11 MeV, and even for E ν = 30 MeV, this cross section is still small [35] . The cross section off of Hydrogen is larger, but the effective mass of Hyper-K in Hydrogen is about one eighth the total mass.
Here we will consider ν µ → ν e oscilation of πDAR neutrinos with a liquid Argon detector such as DUNE. The cross section for ν e + Ar → e + K for E ν = 30 MeV is approximately 2.5×10 −40 cm 2 [36] per argon nucleus, several times larger than the CCQE rate in water. Focusing on the large DUNE far detector, performing this measurement would require a new source of stopped pions. Fig. 5 shows the number of such events as a function of the source-detector distance, assuming 10 23 total pion decays and a 40 kiloton liquid Argon detector. We show the total number of events for four different choices of δ CP , −π/2 (red), 0 (blue), π/2 (green), and ±π (purple). Measuring this process would provide complementary information on the value of δ CP in addition to beam- [37] and atmospheric- [38] based searches in the future.
B. Subsequent Muon Decay-At-Rest Neutrino Spectrum
We have yet to discuss one remaining flux of neutrinos from JSNS: the neutrinos coming from muon decay-atrest (µDAR), originating when the µ + , coming from the π + → µ + ν µ decay, stops and decays at rest. This produces a flux of ν µ and ν e , each with a well-understood spectrum.
The ν e here, as with the oscillated ν µ from πDAR, are too low-energy to be of interest for scattering in large water detectors. On the other hand, the ν µ , which can oscillate into ν e , may interact via the inverse beta decay reaction, which has a significantly larger cross section [39, 40] . This cross section can be large for ν e p → e + n, scattering off the protons in Hydrogen, however, the inverse beta decay cross section for scattering off Oxygen is too small to be of use [35] . Limiting ourselves to the JSNS to HK setup considered in Section III, with a large water detector, our realistic exposure assumption of 1200 kt-MW-yr predicts roughly 1 ν µ → ν e event. For the long exposure of 3600 kt-MWyr, we expect ∼ 3 − 5 events, where the number of events depends significantly on the mixing parameters, especially δ CP .
If a large detector, perhaps consisting of liquid scintillator like JUNO [3] , were constructed near a πDAR source, this would lead to a large number of ν e charged current events coming from µDAR. Additionally, neutron reconstruction techniques, such as gadolinium loading [41] , could assist in identifying these events and measuring them precisely. Fig. 6 (black) shows the expected ν µ flux convolved with the ν e inverse beta decay cross section that could be measured in such a scenario. Without focusing on a specific detector or concrete numbers of expected events, we may also consider what the oscillation probability P (ν µ → ν e ) is for these energies. As evident in Fig. 2 , oscillations are fast for these energies if L 50 km -we overlay this oscillation probability for L = 295 km (the distance from JSNS to HK) in the top panel and for L = 50 km in the bottom panel of Fig. 6 . For each panel, we show three curves for the oscillation probability: δ CP = −π/2 (red), 0 (blue), and π/2 (green). While such a measurement would likely be weaker than the upcoming DUNE or HK beam-based measurements, it provides a complementary approach to measuring CPviolation in the lepton sector.
V. DISCUSSION & CONCLUSIONS
In this work, we have demonstrated that the future Hyper-Kamiokande experiment will have sensitivity to measure neutrino events originated from decay-at-rest processes in the J-PARC Spallation Neutron Source experiment. Because of the sharp features of this event sample, coming from kaon decay-at-rest, we may be able to further our knowledge of neutrino oscillations for a specific value of neutrino energy and baseline distance. This region of neutrino energy and baseline distance occupies a space unexplored, to date. This would constitute the first time that decay-at-rest neutrinos will be detected after having undergone oscillations.
We have explored how this setup is capable of measuring the oscillation probabilities P (ν µ → ν µ ) and P (ν µ → ν e ), as well as certain oscillation parameters, specifically sin 2 θ 13 , sin 2 θ 23 , and ∆m 2 31 . While these measurements will not be as powerful as experiments running concurrently with this proposal, the added information (namely because it is in a very different baseline and energy region and for a fixed neutrino energy) contributes significantly to a better understanding of neutrino oscillations.
Additionally, other decay-at-rest neutrino sources, specifically those from decays of stopped pions and muons, can provide even further insight into neutrino oscillations at lower energies. In this work, we explored the challenges of measuring these neutrinos at long distance, and also showed that measuring them would provide further information on the three-massive-neutrinos paradigm with respect to CP-violation in the lepton sector.
While there is no current plan to operate JSNS concurrently with Hyper-Kamiokande, the physics cases of simultaneous operation have yet to be fully explored. This work demonstrates a small but important subset of the potential of measuring neutrino oscillations from decayat-rest processes at long baselines. With the next generation of neutrino experiments planning to make precision measurements of the remaining unknown oscillation parameters, the neutrino physics community should focus on over-constraining the three-massive-neutrinos paradigm, and measurements like this across a wide range of baseline lengths and neutrino energies are crucial for such tests.
